a b s t r a c t X-linked inhibitor of apoptosis protein (XIAP) is an important regulator of cancer cell survival whose BIR3 domain (XIAP-BIR3) recognizes the Smac N-terminal tetrapeptide sequence (AVPI), making it an attractive protein-protein interaction (PPI) target for cancer therapies. We used the fragment molecular orbital (FMO) method to study the binding modes and affinities between XIAP-BIR3 and a series of its inhibitors (1-8) that mimic the AVPI binding motif; the inhibitors had common interactions with key residues in a hot spot region of XIAP-BIR3 (P1-P4 subpockets) with increased binding affinity mainly attributed to specific interactions with the P1 and P4 subpockets. Based on the structural information from FMO results, we proposed a novel XIAP natural product inhibitor, neoeriocitrin 10, which was derived from our preciously reported XIAP-BIR3 inhibitor 9, can be used as a highly potent candidate for XIAP-BIR3 inhibition. We also performed pair interaction energy decomposition analysis to investigate the binding energies between specific binding residues and individual ligands, showing that the novel natural product neoeriocitrin 10 had a higher binding affinity than epicatechin gallate 9. Molecular docking and dynamics simulations were performed to explore the mode of binding between 10 and XIAP-BIR3, demonstrating that 10 binds more strongly to the P1 and P4 pockets than 9. Overall, we present a novel natural product, neoeriocitrin 10, and demonstrate that the FMO method can be used to identify hot spots in PPIs and design new compounds for XIAP inhibition.
Introduction
X-linked inhibitor of apoptosis protein (XIAP) is a member of the inhibitors of apoptosis protein (IAP) family which inhibits caspases via its three baculoviral IAP repeat (BIR) domains [1] . The deregulation of XIAP has been implicated in a variety of disorders, including neurodegeneration, cancer, and autoimmune disorders [2] . Interactions between XIAP and caspases are regulated by second mitochondria-derived activator of caspases (Smac), which is pro-death signaling protein released from the mitochondria during apoptosis signal transduction [3] .
The crystal structure of XIAP-BIR3-Smac revealed that four N-terminal Smac residues, Ala1-Vla2-Pro3-Ile4 (AVPI), bind to a surface groove in XIAP-BIR3 [4] . Structure-based studies of XIAP-BIR3-AVPI [5] have been essential for developing small molecules in XIAP-targeted drug discovery and have allowed the binding pocket of XIAP-BIR3 to be divided into four subpockets (P1-P4 in Fig. 1A ) [6] . Furthermore, the XIAP-BIR3 residues that interact with AVPI have also been revealed: Ala1 fits tightly in the P1 pocket formed by Asp309, Trp310, Glu314, Gln319, and the side chain of Leu307; Val2 forms hydrogen bonds with Thr308 and interacts with Leu307 in the P2 pocket; Pro3 makes van der Waals contacts with Trp323 and Tyr324 in the P3 pocket; and Ile4 inserts into the P4 pocket formed by Leu292, Val298, and the hydrophobic portions of the Lys297 and Lys299 side chains ( Fig. 1B) [7] .
The N-terminal peptide sequence of Smac binds to the BIR3 domain of XIAP (XIAP-BIR3) in a protein-protein interaction (PPI), hence Smac regulates apoptosis by releasing caspases [8, 9] . PPI targets have been deemed intractable by small molecules due to the large, flat interface [10] . However, not all residues at the PPI interface are critical; there is a "hot spot" that confers most of the binding energies [11] and hotspot residues are clustered in the small binding pockets of the PPI interface [12] . Understanding the XIAP-BIR3 hot spot residues may identify novel potent compounds to promote cancer cell apoptosis.
Understanding the structure of protein-ligand complexes is critical for rational drug discovery [13] . The fragment molecular orbital (FMO) method and pair interaction energy decomposition analysis (PIEDA) have been used to analyze interactions in the protein-ligand complex and PPIs [13, 14] . The FMO method, proposed by Kitaura et al. [15] , offers faster computational speeds than the traditional quantum-mechanical (QM) method [16] and has been shown to provide accurate information for investigating the nature of chemicals and binding information for protein-ligand interactions [17] . This information is essential for chemists to optimize and modify lead compounds to increase the binding affinities of protein-ligand interactions [18] . Pair interaction energies (PIEs) obtained using the FMO method provide comprehensive details of the interactions between a ligand and a protein [19] .
Chessari etal. [20] and Tamanini etal. [21] used FBDD to identify lead compounds targeting XIAP-BIR3; weakly binding fragment 1 was optimized to form early lead 6 and further optimized to produce lead 8, an orally bioavailable drug that exhibited potent target engagement in cells and robust XIAP pharmacodynamic effects in vivo [21] .
In this study, we used the FMO method to quantitatively evaluate specific interactions within the XIAP-BIR3-AVPI and XIAP-BIR3-ligand complexes, comparing the molecular interactions between AVPI and inhibitors 1-8, analyzing the energy components of the molecular interactions, and assessing the involvement of water molecules in ligand binding. In particular, we elucidated which XIAP-BIR3 pockets can be further exploited to improve binding affinity.
Energy decomposition analysis indicated that the P1 and P4 pockets were important. We screened a natural product, neoeriocitrin 10, which has a higher binding affinity than the previously reported XIAP-BIR3 inhibitor, epicatechin gallate 9 [22] , as a potent candidate XIAP-BIR3 inhibitor. Molecular docking and molecular dynamic (MD) simulation [23] and the FMO method were used to investigate the binding mode and detailed interactions between 10 and XIAP-BIR3, while surface plasmon resonance (SPR) analysis [24] was used to evaluate the binding of 10 to XIAP-BIR3.
Experimental Section

Structure Preparation
The crystal structures used in this work were retrieved from the Protein Data Bank (PDB); the PDB codes, chemical structures, and IC 50 values of the ligands are shown in Table 1 and Fig. 3 . Water molecules were identified from the crystal structures (if resolved) and treated explicitly to explore their role in protein-ligand binding. Hydrogen atoms were added to the protein-ligand complex structures at a physiological pH (7.4) and optimized using Prime in Maestro (Prime, Schrödinger, LLC, New York, NY, 2017) [25] .
FMO Calculations
The FMO method was as follows:
(a) During fragmentation, each residue of XIAP-BIR3 and its inhibitor was considered as a fragment. All protein and peptide residues were divided into one-residue fragments at the Cα site based on the hybrid orbital projection method, which was used to reduce the computational cost and correct errors from the projection operator [26] . (b) All molecular orbitals on each fragment (monomer) were optimized in the electrostatic field of the whole system by selfconsistent field (SCF) theory. All monomer energies and electron densities were self-consistently optimized at the same time through self-consistent charge (SCC) stage. (c) SCF cycles for fragment pairs (dimers) were calculated in the electrostatic field of all the remaining fragments. The difference between steps (b)and (c)was that the electrostatic field was formed of N-1 fragments in step (b) and N-2 fragments in step (c), where N refers to the total number of fragments. The energy of each monomer and dimer was obtained and was influenced by the electrostatic field of all fragments, namely the system. (d) The sum of the energies of the monomers and dimers was used to evaluate the total energy of the system; the binding affinity of the protein-ligand interaction was approximated as the sum of the PIEs. These interaction energies were decomposed by pair interaction energy decomposition analysis (PIEDA), which provided more physical details [27] . The PIE (ΔE ij int ) between fragments i and j consisted of four or five energy terms depending on whether or not implicit solvation models were considered: electrostatic (ΔE es ), exchange repulsion (ΔE ex ), charge transfer with higher order mixed term (ΔE ct+mix ), dispersion (ΔE di ), and solvation energy (ΔG sol ). The PIEs in the FMO calculations were defined using Eq. (1) [27, 28] .
PIEDA is the sum of four energy terms: electrostatic, exchange repulsion, charge transfer with higher order mixed term, and dispersion [29] . The electrostatic term arises from the Coulomb interaction between the polarized charge distributions of the fragments, while charge transfer arises from the interaction between the occupied orbitals of a donor and unoccupied orbitals of an acceptor. Dispersion arises from the interaction between the induced dipole moments of two fragments, while exchange repulsion is derived from the interaction between fragments located in close proximity and is always repulsive [30] . The electrostatic and charge transfer terms are important in salt-bridges, hydrogen bonds, and polar interactions, whereas the dispersion term can be referred to as hydrophobic in nature and the exchange repulsion term describes steric repulsion [31] . The PIEs and PIEDA contributions of all XIAP-BIR3 residues with AVPI and the inhibitors are presented in the Supporting Information.
All ab initio FMO calculations were performed using the General Atomic and Molecular Electronic Structure System (GAMESS) [32] and energy decomposition analysis was performed at the second order Møller-Plesset perturbation theory (MP2) [33] and polarizable continuum model (PCM) [34] level with the 6-31G** basis set. In FMO calculation, we used all the residues in the crystal structures in both energy calculation and structure optimization. In PCM calculation, we used one body PCM (PCM [1] ) and conductor-like PCM (C-PCM) with iterative solver. In SCF calculation, we used cutoff option using 'RESDIM = 2.0' for approximating the SCF energy by electrostatic interactions.
Virtual Screening
Molecular-docking-based virtual screening was conducted to find a novel natural product from our in-house natural product database by using glide in Prime in Schrödinger suite (Schrödinger LLC, New York, NY, 2011). The top 45 virtual hits (XP Gscore N3) based on the XIAP-BIR3 hot spot features are presented in the Supporting Information.
Molecular Docking
Molecular docking was conducted to investigate the interactions between compounds (9 and 10) and XIAP-BIR3 (PDB: 5M6M) by using glide-XP in Prime in Schrödinger suite (Schrödinger LLC, New York, NY, 2011). The docking pose of compound 10 was selected by emodel scores and visual inspection, while the docking pose of compound 9 was derived from our previous work [22] .
Structural Optimization
The structures of the top-hit XIAP-BIR3-ligand (9 and 10) docking poses were optimized using the FMO/RHF/3-21G and frozen domain dimer (FDD) methods [35] . The protein was fixed during optimization and only the ligands were fully flexible. The polarizable buffer included protein residues within 5.2 Å of the ligands, while the active domain included the ligands. In FMO calculation, we used several options using 'RESDIM = 2.0' and 'RESPPC = 2.0', and 'MODGRD = 42'. The FMO/ FDD optimization of 9 and 10 took 100 and 120 steps, respectively.
MM-GBSA/MD Simulation
The docking pose of compound 10, which was selected in the Molecular Docking procedure, were used to investigate the interaction between 10 and XIAP-BIR3. Water molecules were removed, all hydrogen atoms were added, and the binding site was defined by the original binding ligand, 8, using Discovery Studio 4.1. The structure and initial conformation of 10 docked to XIAP-BIR3 were generated using CDOCKER in Discovery Studio 4.1. The top-hit docking pose for 10, which was selected from the molecular mechanics generalized Born surface area (MM-GBSA) calculation [36] , was structurally refined using a MD simulation in Prime (Schrödinger LLC, New York, NY, 2011). The MM-GBSA method is one of the most popular approaches for estimating the relative binding affinities of protein-ligand complexes [37] . The relative binding free energy ΔG bind [38] was estimated using Eq. (2),
where ΔG bind is the calculated relative free energy including both ligand and protein energy, G complex is the MM-GBSA energy of the minimized complex, G ligand is the MM-GBSA energy of the unbound ligand after removing it from the complex, and G protein is the MM-GBSA energy of the unbound protein after separating it from the ligand. The MD simulation of the XIAP-BIR3-10 complex was performed using Desmond 4.1 in Maestro (Desmond Molecular Dynamics System, D. E. Shaw Research, New York, NY, 2017. Maestro-Desmond Interoperability Tools, Schrödinger, New York, NY, 2017). The protein-ligand complex was inserted into an orthorhombic box filled with 4579 water molecules (TIP3P model) and with a buffer distance of 10 Å. The MD simulation was studied suing an OPLS3 force field was used. Ions (Na + and Cl − ) were added to simulate a physiological concentration of monovalent ions (0.15 M). NPT (a constant number of particles, pressure, and temperature) used a constant temperature (300K) and pressure (1.01325 bar) as an ensemble class. The particle-mesh Ewald method [39] was used to calculate long-range electrostatic interactions, with a cutoff for van der Waals and short-range electrostatic interactions of 9 Å. Nose-Hoover thermostats [40] were used to maintain a constant simulation temperature, while the Martina-Tobias-Klein method [41] was used to control the pressure. An RESPA integrator [42] was used to integrate the equations of motion with an inner time step of 2.0 fs for bonded interactions and non-bonded interactions within the short-range cutoff. The default protocol in Desmond was used to reach system equilibration, then a 50 ns simulation was performed and the confirmations and energies were saved at each 4 ps interval. All analyses were also carried out with an MD simulation of 50 ns, in which the NPT ensemble was applied.
SPR Assay
The purified XIAP (BIR3 domain) protein with His-tag was prepared from BPS Bioscience, catalog number 75001. The interaction between 10 and XIAP-BIR3 was investigated using the ProteOnTM XPR36 Protein Interaction Array System (Bio-Rad Laboratories, California, USA). Purified XIAP-BIR3 was immobilized on the ProteOn GLH sensor chip. The ligand was diluted with 1× Phosphate-Buffered Saline with Tween 20 and 1% DMSO at six different concentrations (0, 6.25, 12.5, 25, 50, and 100 μM), and then passed over the chip at a flow rate of 100 μL/min. The data were analyzed by ProteOn Manager Software 2.0 using standard Langmuir models to fit the kinetic data. The association constant (k a in M/s) represented the rate of complex formation and the dissociation constant (k d in s −1 ) represented the rate of complex decay. Highaffinity interactions were characterized by low K D values, while the rapid recognition and binding of the interactants (rapid "on rate," or high k a ) and the stability of complex formation (slow "off rate," or low k d ) was represented by the equation
Results and Discussion
FMO Study of the XIAP-BIR3-AVPI Complex
The P1 pocket of XIAP-BIR3 is the main binding region for substrate recognition and is more hydrophilic than the other three subpockets, while the P4 pocket is quite hydrophobic and further improves the ligand activity of XIAP-BIR3 [20] . We performed FMO calculations for the XIAP-BIR3-AVPI complex and detected eight strong interactions between AVPI and eight residues of XIAP-BIR3: Asp296, Leu307, Thr308, Asp309, Trp310, Glu314, Gln319, and Trp323 (Fig. 2) . The strong electrostatic interactions between the oxygen atoms or NH2 group of AVPI and the charged residues of XIAP-BIR3 created significant attractive or repulsive interactions between AVPI and these residues. These results agree with published mutagenesis studies which demonstrated the central role of Asp296, Leu307, Trp310, Glu314, and Trp323 in the binding affinities of AVPI to XIAP-BIR3 and cIAP-BIR3 [6, [43] [44] [45] [46] [47] . However, Asp296 was not directly involved in binding AVPI but was important for stabilizing the structure of the P1 pocket by interacting with the backbone NH of Asp309 [6] . Several hydrogen bond interactions formed by AVPI and Thr308, Asp309, and Gln319 have been previously reported by analyzing the crystal structure [48] with the FMO results revealing similar contributions. It has been demonstrated that Leu307 and Thr308 form hydrogen bonds with AVPI in the P2 pocket; however, the FMO results revealed that these interactions were not only dominated by electrostatic interactions but also by dispersion (nonpolar) energies ( Fig. 2) [6, 9, 20, 48] .
The FMO results also detected three repulsive interactions between AVPI and Lys297, Val298, and Lys299 in the P4 pocket (Supporting Information, Table S1 ); however, the dispersion energies of Lys297 (−2.98 kcal/mol) and Lys299 (−1.19 kcal/mol) contributed to binding between Ile4 and XIAP-BIR3. The total PIE between AVPI and the P1 pocket residues was −208.59 kcal/mol, while it was only −37.48 kcal/mol for the P2, P3, and P4 pockets combined, indicating that the P1 pocket of XIAP-BIR3 makes the largest contribution towards AVPI binding. These FMO results agree with an FBDD study in which the P1 pocket of XIAP-BIR3 played a central role in the design of alaninebased Smac mimetic inhibitors [20] . Therefore, the FMO method can be used to explore the key XIAP-BIR3 residues to gain a more detailed understanding of the nature of the PPIs in specific subpockets and to help design new XIAP-BIR3 inhibitors. Furthermore, the FMO method can provide an accurate and comprehensive list of the strong, weak, and repulsive interactions between XIAP-BIR3 inhibitors and the residues surrounding the four subpockets.
FMO Study of XIAP-BIR3-Ligand Complexes
We used the public data to investigate changes in the PIEs and specific interactions between XIAP-BIR3 and the inhibitors from fragment 1 (IC 50 N 5 mM for XIAP-BIR3) to lead 8 (IC 50 = 44 nM for XIAP-BIR3) ( Table 1 and Fig. 3 ).
Arulmozhiraja et al. [18] showed that the FMO-PIE represented the strength of the interactions between the ligand and protein residues in the complex and the total PIEs (sum of PIEs of each residue in XIAP-BIR3), but not the exact binding affinity. Despite the fact that PIEs cannot describe all factors in the binding event contributed by different energy terms like enthalpy, entropy, and solvation, we expected to see some correlation between measured and calculated binding affinity. Here, we compared the calculated PIEs with the experimentally measured log(IC 50 ) values to assess how accurately the total PIEs described changes in the inhibitory activities of ligands 1-8. Notably, the calculated PIEs of the ligands with XIAP-BIR3 correlate well with their Fig. 2 . FMO results for the AVPI in complex with XIAP-BIR3. A. The structure of AVPI binding to the XIAP-BIR3 subpockets. AVPI is shown in light pink, the protein residues are shown in green, and the nitrogen and oxygen atoms are shown in blue and red, respectively. Key interactions according to the FMO results are shown as yellow dashed lines. B. The upper bar plot describes the PIEs of the significant residues in the four XIAP-BIR3 subpockets, while the lower bar plot describes the PIEDA of these key interactions. The electrostatic, exchange repulsion, charge transfer with higher order mixed term, dispersion, and solvation energy terms are shown in yellow, green, red, dark blue, and light blue, respectively. log(IC 50 ) values, with an R 2 of 0.8916 in Fig. 4 . This observation was consistent with the trend obtained by a FBDD study, showing that calculated PIEs can quantitate the interactions between XIAP-BIR3 and its ligands and can be used to determine the structure-activity relationship for ligands 1-8.
To reveal the important interactions in the XIAP-BIR3-ligand complexes, we evaluated the change in PIEs from fragment 1 to lead 8 and compared the PIEs with AVPI (Supporting Information, Table S1-S9). Comparing the PIEs for each XIAP-BIR3 subpocket ( Table 2) revealed that the interactions in the P1 pocket were much stronger than in the other subpockets, indicating that AVPI and the ligands preferentially interact with the P1 pocket. These FMO results agree with the experimental data published by Tamanini et al. [21] , suggesting that the P1 pocket of XIAP-BIR3 plays a significant role in inhibitor binding affinity. Pearson correlation coefficients between log(IC 50 ) and PIEs in each subpocket were 0.71 for P1, −0.22 for P2, −0.32 for P3, and 0.85 for P4, indicating that the P1 and P4 pockets exhibit stronger binding affinity for 1 to 8.
We used the FMO calculations to investigate the PIEs between each residue of XIAP-BIR3 and ligands 1-8. As shown in Fig. 5 , P1-P4 pocket residues Asp296, Leu307, Asp309, Trp310, Glu314, and Trp323 interacted with the ligands, indicating the importance of these residues for ligand binding in XIAP-BIR3 (Supporting Information, Fig. S1-S8 , Table S2 -S9). The calculated PIEs of Asp296, Asp309, and Glu314 in the P1 and P4 pockets increased with increasing binding affinity of the ligands for XIAP-BIR3, which may derive from previously described charge-induced dipole interactions [13] .
Water molecules were involved in the binding of ligands 4-8 to XIAP-BIR3 ( Supporting Information, Fig. S4-S8 ). The PIE between lead 8 and the P4 pocket residues (−12.993 kcal/mol) was smaller than the PIEs of 5-7 (Table 2) , however, one water molecule was found to form a hydrogen bond between 8 and the side chain of Lys299 in the P4 pocket (−20.762 kcal/mol). Therefore, the interactions mediated by water molecules increased the binding affinity of ligands with XIAP-BIR3. The FMO analysis of water molecules in the binding pocket can help to distinguish between energetically favorable and unfavorable water molecules and design analogs that can interact or displace certain water molecules [31] .
Specific Interactions between Ligands and XIAP-BIR3
The FMO analysis revealed that the calculated PIEs of Asp296, Leu307, Asp309, Trp310, Glu314, Gln319, and Trp323 with all of the ligands were similar to the PIEs of AVPI (Supporting Information, Table S1-S9). This result can be explained by the fact that these residues are important for the binding modes between the inhibitors and XIAP-BIR3. We used PIEDA between the inhibitors and XIAP-BIR3 residues to elucidate the main reason for the difference in binding affinity for fragment optimization [27] .
PIEDA of the XIAP-BIR3 residues showed that the interaction energies were mainly the result of the electrostatic term. The dominant contribution of electrostatic interactions supports the assumption that these interactions derive from charge-induced dipole interactions. A major difference in the PIEDA components of the interactions between 1 and 8 and the residues of XIAP-BIR3 was the dispersion term, particularly in the P4 pocket, indicating that differences in the interactions in the XIAP-BIR3-ligand complexes were attributed to dispersion energies. Consequently, we found that increased dispersion energies involving Lys297 and Lys299 contributed to increases in binding affinity observed for 1-8. In addition, differences between the dispersion energies of 8 and AVPI in Lys297 (−4.712 vs. −2.98 kcal/mol) and Lys299 (−2.446 vs. −1.193 kcal/mol) agreed with the experimental data published by Tamanini et al. [21] , demonstrating that the P4 binding pocket is a promising target. These findings indicate that these P4 pocket residues provide scope for further fragment optimization.
Ichihara etal. [14] described the application of PIEDA for the FBDD process, and proposed that increased ligand binding affinity can be explained by the electrostatic, charge transfer, and dispersion terms. Accordingly, we investigated the ratio of the sum of the dispersion and charge transfer terms over the electrostatic term ((ΔE ct +ΔE di )/ΔE es ) for 1-8. The values were 0.30, 0.36, 0.35, 0.36, 0.41, 0.43, and 0.44 for fragments 1 to 7, respectively, whereas the values for lead 8 and AVPI were 0.39 ( Table 3) . The values for 1-7 increased according to their binding affinity, but not for lead 8, suggesting that the charge transfer and dispersion terms may be the dominant factors in fragment optimization; however, the ligands could also be optimized by converting the component of the energy term [13] . Overall, the chemical nature of the interactions computed by PIEDA could highlight the most appropriate types of modification for improving binding affinity, whether it be modifying dispersive, electrostatic, or charge-charge interactions [30] .
The FMO analysis demonstrated that the residues of the P1 and P4 pockets of XIAP-BIR3 play an important role in the binding of XIAP-BIR3 inhibitors. The FMO/PIEDA results provided evidence that varying the substituents of the P4 pocket could provide scope for further fragment optimization. It is difficult to detect small changes in the residue interactions in these four subpockets by visual inspection and to provide a good explanation for binding affinity; however, the FMO method can reveal key interactions between ligands and XIAP-BIR3.
A Novel Ligand Targeting XIAP-BIR3
We investigated a natural product, epicatechin gallate 9, which directly binds XIAP-BIR3 with a K D value of 107 μM [22] and is known to regulate XIAP expression [49, 50] . Comparing the PIEs of the XIAP-BIR3 inhibitors provided a list of important interactions which allowed us to analyze the structure of the inhibitors for strong, weak, missing, or new interactions with XIAP-BIR3. In order to develop XIAP-BIR3 inhibitors with a higher potency than 9, we used the FMO method to investigate the interactions between 9 and XIAP-BIR3.
Firstly, the PIEs obtained from the XIAP-BIR3-9 complex were analyzed to identify the XIAP-BIR3 residues that interacted with 9. The FMO method detected seven strong interactions between seven residues of 9 and XIAP-BIR3: Asp296, Asp309, Trp310, Glu314, Gln319, Trp323, and Tyr324 (Supporting Information, Fig. S9 ). As expected, FMO confirmed previously identified interactions in the XIAP-BIR3ligand complexes (1-8, Asp296, Asp309, Trp310, Glu314, and Trp323) and identified a new strong interaction with Tyr324. The interaction energy between 9 and the P3 pocket residues was −54.961 kcal/mol, higher than that of other inhibitors, indicating that 9 can bind more strongly with the P3 pocket (Supporting Information, Fig. S9 and Table S10 ). PIEDA showed that 9 lacks a side chain to penetrate the P4 pocket ( Supporting Information, Fig. S9 ). The FMO method provided information to guide the structural-based virtual screening of future ligands to target XIAP-BIR3.
Based on the FMO results, we performed docking-based virtual screening on our in-house natural product database (3000), selecting 45 virtual hits (XP Gscore N3) that matched the hot-spot features of XIAP-BIR3 well (Supplementary Information). SPR analysis was performed to determine whether the selected compounds bind XIAP-BIR3 (data not shown). One novel natural product, neoeriocitrin 10, altered the refractive index and mass concentration when injected into the XIAP-BIR3-immobilized sensor surface. The compound also exhibited a dose-dependent change with a K D value of 13.3 μM, indicating that 10 can bind more efficiently to XIAP-BIR3 than 9 (K D =107 μM) or the XIAP inhibitor, embelin (K D = 37.6 μM) [22] (Fig. 6) .
To elucidate the reason for the different binding affinities of these two natural products, we compared the PIEs of the XIAP-BIR3-10 and XIAP-BIR3-9 complexes. The structure of the XIAP-BIR3-10 complex was obtained by molecular docking, the MM-GBSA method, and MD simulations, as for the XIAP-BIR3-9 complex [22] . The structure and initial conformation of XIAP-BIR3-10 were generated using CDOCKER in Discovery Studio 4.1. The top-hit docking pose of 10 was identified using the MM-GBSA method with a ΔG bind value of −49.89 kcal/mol. To evaluate the dynamic stability of the proposed binding mode of the XIAP-BIR3-10 complex, we performed MD simulations twice using the backbone atom root-mean-square deviation (RMSD) of XIAP-BIR3 and the heavy atom RMSD of 10. The trajectory of the MD simulations confirmed the docking pose and revealed the stability and interactions of the protein-ligand complex ( Supporting Information, Fig. S10 ). The structure of the XIAP-BIR3-10 complex was optimized and the binding energies between 10 and XIAP-BIR3 were evaluated using the FMO results.
The FMO method detected seven strong interactions between eight residues of 10 and XIAP-BIR3: Lys297, Lys299, Leu307, Asp309, Trp310, Glu314, Trp323, and Tyr324 (Fig. 7A ). As expected, these results confirmed previously identified interactions in the XIAP-BIR3-9 complex (Asp309, Trp310, Glu314, Trp323, and Tyr324) and identified two new strong interactions (Lys297 and Lys299). The total PIEs of the residues in the P1-P3 pockets of 9 were stronger than the total PIEs between 10 and XIAP-BIR3 (Supporting Information, Table S10-S11); however, the total PIEs of the residues in the P4 pocket (−43.385 kcal/mol) of 10 were much stronger than the total PIEs between 9 and XIAP-BIR3 (0.570 kcal/mol), indicating that strong interactions in the P4 pocket strongly affect binding affinity. PIEDA revealed that the sugar moiety of 10 interacts with Lys297 and Lys299 in the P4 pocket, supporting the assumption that the interactions formed by these residues are important for improving XIAP-BIR3 binding affinity (Fig. 7B) . Therefore, the FMO method is a useful tool for exploring key interactions in ligand binding and for validating the structural optimization process.
Conclusions
In this study, the interactions in XIAP-BIR3-ligand complexes, including AVPI, fragment hit-to-lead 1-8, the previously reported 9, and the novel proposed 10, were quantitatively studied using the FMO method at a correlated MP2/6-31G**/PCM level. The FMO method provides comprehensive structural information on both protein-protein and protein-ligand systems. The outcomes of this study can be used to generate novel XIAP-BIR3 inhibitors and perform detailed analyses on the binding affinities of XIAP-BIR3 inhibitors. We have shown how the FMO method can be applied to the rational design of natural products for binding XIAP-BIR3. By applying the information provided by our FMO results, we can develop novel synthetic approaches to extend diverse analogs and improve their potency. The FMO/PIEDA method allowed us to identify the contribution of different energy components from PIEs, while the FMO method provided significant information on hydrogen bonds, salt bridges, CH-π interactions, and induced charges at the molecular level. Therefore, the FMO method is a good tool for analyzing the molecular interactions between ligands and proteins for drug discovery.
